Infrared multiple photon dissociation action spectra of the binary and ternary gas-phase complexes formed by 15-crown-5 ether with potassium cations (15c5-K + and 15c5-K + -15c5) are reported. The spectra span the 800-1500 cm -1 infrared range. Particularly significant differences are found in the position and structure of the CO-stretching band of the two types of complexes. The computational prediction at the DFT-B3LYP/ 6-31G* level of theory agrees well with the experimental observations, and provides a correlation between the spectral differences and the structural changes associated with the coordination of the ether oxygens with the alkali cation. The 15c5-K + complex adopts a pyramidal structure, with the cation lying above the center of mass of the ether ring at a distance similar to its ionic radius. The ternary 15c5-K + -15c5 complex features a less tight coordination of the cation and a relative rotation between the backbones of the two crown ethers, which minimizes the intermolecular repulsions between the oxygens.
Infrared multiple photon dissociation action spectra of the binary and ternary gas-phase complexes formed by 15-crown-5 ether with potassium cations (15c5-K + and 15c5-K + -15c5) are reported. The spectra span the 800-1500 cm -1 infrared range. Particularly significant differences are found in the position and structure of the CO-stretching band of the two types of complexes. The computational prediction at the DFT-B3LYP/ 6-31G* level of theory agrees well with the experimental observations, and provides a correlation between the spectral differences and the structural changes associated with the coordination of the ether oxygens with the alkali cation. The 15c5-K + complex adopts a pyramidal structure, with the cation lying above the center of mass of the ether ring at a distance similar to its ionic radius. The ternary 15c5-K + -15c5 complex features a less tight coordination of the cation and a relative rotation between the backbones of the two crown ethers, which minimizes the intermolecular repulsions between the oxygens.
I. Introduction
The inclusion complexes formed by crown ethers with alkali metal cations constitute a textbook prototype of host/guest molecular recognition. They provide a relatively simple benchmark to elucidate the competition of intrinsic intermolecular interactions versus solvent effects leading to selective complex formation. For instance, in aqueous solution, the 18-crown-6 ether undergoes preferential complexation in the order K + > Rb + > Cs + > Na + > Li + . [1] [2] [3] For the 15-crown-5 ether, Na + and K + are preferred against the remaining alkali cations. 4 These well-known properties are employed in separation and analytical applications. The selectivity of the crown-ether-alkali complexes is often interpreted in terms of the matching between the sizes of the metal cation and the cavity of the cyclic ether. Optimum size matching would provide the most favorable coordination between the cation and the oxygens of the ether. However, this apparently sensible argumentation does not hold for the gas-phase complexes, where the intrinsic ether-alkali coordination operates without interference from the solvent. Contrary to what is found in solution, the binding energies of the isolated (solvent-free) complexes formed by the 12-crown-4 (12c4), 15-crown-5 (15c5), and 18-crown-6 (18c6) ethers decrease monotonously with cation size; that is, it is in the order Li
Qualitatively similar gasphase affinities have been observed experimentally for linear polyethers. 7 The disagreement between gas-phase affinities and expectations based on the size-matching model supports the key role played by solvation in the stabilization of the crown-ether-metal complexes in solution. In aqueous solution, the hydration of the alkali cation plays a crucial role, and it turns out that the exposure of the cation to the solvent in the ether complex enhances its stability. 1, 4 Cations smaller than the crown ether cavity (e.g., 15c5-Li + or 18c6-Na + ) form inclusion complexes, with reduced access of the solvent. In contrast, larger cations form pyramidal-like structures, with the cation lying above the crown ether cavity. This latter configuration allows for a partial hydration of the complexed alkali cation. Therefore, the structure of the inclusion and pyramidal complexes in the gas phase can be used as an approximation to predict solution behavior as well as to calibrate ab initio methods. Also important, pyramidal structures are suitable for ternary complexes in which two crown ethers are bridged by the alkali cation. These sandwichlike complexes are the basis of selective molecular tweezers designed from crown ethers. 8 Systematic experimental investigations of the complexes formed by the crown ethers with alkali metal cations were performed during the 1990s. These studies primarily focused on aggregation selectivity through the determination of relative binding energies. Armentrout and coworkers 1,2 employed ion beam collision methods and found an enhancement in binding energy with decreasing cation size and growing crown ether size (e.g., ca. 3.1 eV for 18c6-Na + and 15c5-Na + , 2.6 eV for 12c4-Na + , and 2.1 eV for 15c5-K + ). These results were in qualitative agreement with the relative stabilities observed in early infrared multiple photon dissociation (IRMPD) experiments performed by Eyler and coworkers at a fixed wavelength (10.6 µm) 5 and have been corroborated in more recent FT-ICR-MS experiments by Dearden and coworkers. 6 Complementary to those studies, Bowers and coworkers explored the coarsegrain conformation of the crown-alkali complexes with ion mobility chromatography. 8, 9 They observed that each complex displays a single structure, with a cross section increasing with cation size as a consequence of a less-efficient inclusion of the metal inside the cavity.
A decade after the main body of the gas-phase experiments outlined above, spectroscopic measurements that address more directly the structure of the crown-ether-alkali inclusion complexes under isolated conditions are still lacking. This in contrast with the detailed theoretical studies reported since then (e.g., see refs 4 and 10-13). Understanding the gas-phase conformations of the complexes is of importance to rationalize the key parameters that influence their molecular structure: cavity/cation size matching, charge density and polarizability of the cation, and flexibility of the ether backbone (which undergoes deformation upon complexation 6 ). We have undertaken a systematic investigation of the crownether-alkali systems, by means of mass-selected IRMPD action spectroscopy. We report here a study of the complexes formed by the 15c5 crown with K + . The results serve to illustrate the viability of the method to characterize the binary (15c5-K + ) and ternary (15c5-K + -15c5) complexes from their rich IR spectra in the fingerprint region, including the CO stretches as major reference. Details of the experimental method are provided in Section II together with the theoretical approach used to compute the molecular structures. The results are then discussed and summarized in the subsequent Sections III and IV.
II. Methodology
A. Electrospray Ionization-Fourier Transform Ion Cyclotron Resonance Infrared Multiple Photon Dissociation Spectroscopy. Infrared multiple photon dissociation spectra were recorded using the Fourier transform ion cyclotron resonance (FTICR) mass spectrometer, described in detail elsewhere, 14 coupled to the beamline of the free electron laser FELIX. 15, 16 The ionic complexes are produced by electrospray ionization (ESI) using a modified Waters Z-Spray source and solutions of 1 mM crown ether and KCl in a water/methanol mixture. Ions are accumulated in a hexapole ion trap and then pulse injected into the ICR cell, where they are mass isolated using a stored waveform inverse Fourier transform (SWIFT) excitation pulse. The mass-selected ions are then irradiated with typically 10 FELIX pulses, which are approximately 5 µs long and have a pulse energy of about 40 mJ. The spectral bandwidth of the radiation amounts to about 0.5% of the central wavelength. A further description of typical experimental procedures can be found in ref 17 .
If the wavelength of FELIX is in resonance with a vibrational mode in the complex, then multiple photon absorption occurs, leading to dissociation of the parent ion. The observed fragmentation channels were and For the latter process, weaker dissociation was also observed in the 15c5 + K + + 15c5 channel, which was not included in the analysis. We constructed an IRMPD spectrum by plotting the relative ionic fragment yield as a function of the wavenumber of the radiation. The recorded spectra were linearly corrected for changes in laser pulse energy during the spectral scan.
B. Quantum Chemical Calculations. Quantum chemical calculations were performed at the DFT/B3LYP level of theory using a 6-31G* Gaussian basis set. 18 Calculated IR frequencies are known to be overestimated and to require a correction factor of around 0.97 given the level of theory and basis sets employed. 19 Therefore, all calculated frequencies indicated in this work in Figures and discussion were scaled by a factor 0.97, which consistently provided a good agreement with the experimental bands. The optimized structures are (at least) local minima because all frequencies are real. Where binding energies are indicated (Table 1) , these have been obtained with correction for the vibrational zero point energies. Figure 1 shows the ESI-FTICR IRMPD action spectra recorded for the 15c5-K + and 15c5-K + -15c5 complexes in the 800-1500 cm -1 range. In this spectral region, optical absorption is basically related to C-O and C-C stretch vibrations, combined with C-O-C and C-C-O bending and torsion of the dihedral angles and of the CH 2 groups with respect to the cyclic ether backbone. 10 The 1000-1200 cm -1 band, associated essentially with C-O stretch vibrations, dominates the fragmentation yield in the IRMPD spectra. This band is expected to provide a sensitive probe of the oxygen-cation coordination. In fact, the spectra of the 15c5-K + and the 15c5-K + -15c5 complexes present appreciable differences in the C-O stretching band. This is illustrated in greater detail in Figure 2 , which shows that the C-O band of the ternary complex is more structured and overall displaced to higher wavenumbers.
III. Results and Discussion
Such significant changes observed in the C-O stretch vibrations of the two IRMPD spectra can be traced back to corresponding changes in the coordination of the oxygens with the K + cation in the two types of complexes. Figure 2 compares the two experimental action spectra with the IR absorption spectra predicted by the DFT computation in the 1000-1200 cm -1 range. The theoretical spectrum for the isolated free crown ether is also shown for reference. The three DFT spectra were built from the vibrational transitions (after applying a single scaling factor of 0.97, see Section II) convoluted with a Gaussian broadening of 8 cm -1 . It can be observed that DFT predicts overall shifts of the 15c5-K + and 15c5-K + -15c5 C-O stretch bands by ca. 35 and 20 cm -1 , respectively, with respect to the free 15c5 ether. Such prediction is in good agreement with the relative shift of the C-O bands in the two complexes observed experimentally. The greater shift for 15c5-K + is related to tighter oxygen-K + interactions in comparison with 15c5-K + -15c5, as discussed below. It can be observed that the DFT simulated spectra for the complexes display two main fairly resolved peaks at 1089 and 1115 cm -1 for 15c5-K + and at 1098 and 1127 cm -1 for 15c5-K + -15c5. Whereas these two same peaks are present in the experimental spectra, they are only resolved in the case of the 15c5-K + -15c5 ternary complex. In the 15c5-K + complex, the intensities of the two peaks become similar, and the two peaks almost coalesce and are barely appreciated as undulations on the flat top of the band. The greater experimental intensity of the 1089 cm -1 band in the binary complex, in comparison with the 1098 cm -1 band of the ternary one, is in fact well predicted qualitatively by the DFT calculation and can be explained from the more pronounced change in dipole moment involved in the corresponding vibrational modes. The DFT analysis indicates that such modes predominantly involve the vibration of only one of the oxygens of the chain, which undergoes a symmetric C-O-C stretch and asymmetric O-C-C stretches. In the ternary complex, the same vibration occurs in each of the crown ethers, but the oxygens involved are opposite to each other, leading to a concerted vibration with a lesser overall change in the dipole moment. Figure 3 compares in detail the full experimental IRMPD spectra (excluding the C-O band) with the prediction of the DFT computations. A sizable relative shift between the spectra of the two complexes is also observed for the peak at ∼935 cm , corresponding mainly to C-C stretching. For the remaining peaks, small shifts are also observed, although the major differences are more related to the relative intensities recorded. Excellent agreement is found for the position of the experimental bands, which indicates that the DFT vibrational frequencies obtained for the two types of complexes are accurate. Some discrepancy is observed for the relative intensities for the different bands across the spectrum, which may be attributed to the fact that experimental action spectra, involving multiple photon absorption, are being compared with DFT single photon absorption spectra.
The good overall agreement between experiment and DFT for the vibrational spectra of the two complexes lends support to the assignments and corresponding equilibrium molecular structures predicted by the theory. Such structures are described in Table 1 and represented graphically in Figure 4 . To the best of our knowledge, the theoretical structure of the 15c5-K + -15c5 complex is reported here for the first time. The DFT results for the conformations of the free 15c5 ether and of the 15c5-K + complex are in good agreement with the previous ab initio study of Hill and Feller at the MP2/6-31G* level. 4 The present B3LYP/6-31G* 15c5-K + binding energy of 255 kJ mol -1 lies below the MP2/6-31G* value of 271 kJ mol The structural parameters given in Table 1 are primarily intended to characterize the spatial organization of the ether oxygen network. Having an odd number of oxygens, the lowest energy conformation of the free 15c5 already has an appreciable dipole moment (1.69 D) . This is accompanied by a displacement of the center of mass of the oxygens with respect to the overall center of mass of the molecule (by 12 pm). It can be noticed that the elongated equilibrium conformation obtained for the free 15c5 ring in the present DFT calculation resembles that of conformer 1 of ref 4, which was almost isoenergetic with the lowest energy conformer in the MP2 calculation.
In the 15c5-K + complex, the ionic radius of the K + cation (152 pm) is too large to fit into the crown cavity. (See Figure  4 .) The cation places itself above the center of mass of the ether ring, at a distance of 156 pm, similar to its ionic radius. Nevertheless, a tight interaction with the cation takes place that induces significant changes in the structure of the crown ether with respect to the free 15c5. The complex adopts a distorted C 5 -like structure, with the oxygens oriented toward the cation to maximize the coordination energy. As a consequence, the 15c5 moiety has a greater dipole moment (2.30 D) than the free 15c5. In addition, the distance between the center of mass of the oxygens and the center of mass of the crown increases by almost a factor of two. (See Table 1.) Similar considerations apply to the 15c5-K + -15c5 complex. In this case, however, the oxygen-cation coordination with each of the crown ethers is less tight. The distances between the K + cation and the oxygen atoms of the ether backbone are roughly 30 pm longer than those in the 15c5-K + complex. Correspondingly, the distance between the cation and the center-of-mass of the crown ether moiety also increases by ca. 50 pm with respect to the 15c5-K + complex. Nevertheless, the distortion of the crown ethers is still remarkable. It can be noticed that each of the 15c5 moieties acquires a net dipole moment of 2.74 D, even greater than in the 15c5-K + complex. A noticeable difference with respect to the single crown complex is that in the ternary complex the repulsive interaction between the oxygens of the two crowns plays a relevant role. As can be appreciated in Figure 4 , the 15c5-K + -15c5 complex features a relative rotation of 2π/10 between the two crown ethers. In this way, the oxygens of the two ethers are intersected between each other, and the optimum coordination with the cation is combined with a minimization of the intermolecular repulsion between the lone-pair orbitals of the oxygens.
IV. Summary and Conclusions
The vibrational spectrum of the binary 15c5-K + and ternary 15c5-K + -15c5 gas-phase complexes has been measured in the 800-1500 cm -1 range. Infrared multiple photon dissociation action spectroscopy has been applied for this purpose on ions prepared with the ESI-FTICR technique. Particularly pronounced differences are found in the structure of the CO-stretching band (1000-1200 cm -1 ) of the two types of complexes. The computational prediction at the DFT-B3LYP/6-31G* level of theory corroborates that the spectral differences can be attributed to changes in the coordination of the oxygens of the ether backbone with the alkali cation. The good agreement between the experimental and the DFT results provides a consistent assignment of the vibrational spectra and of the corresponding conformations of the two complexes.
The oxygen-cation coordination is tighter and the attractive interactions are stronger in the 15c5-K + complex than those in the sandwichlike 15c5-K + -15c5 complex. As a consequence, the CO stretching band is overall more shifted toward lower wavenumbers. The 15c5-K + complex adopts a distorted C 5 structure in which the cation lies above the center of mass of the ether ring at a distance similar to its ionic radius. Within the ether, a collective displacement of the oxygens toward the cation takes place. As a consequence, the crown ether moiety significantly increases its dipole moment (2.30 D) with respect to the value of the free 15c5 (1.69 D).
In the pyramidal conformation of the 15c5-K + complex, the cation is significantly exposed and can be partially solvated in solution. Partial hydration plays a determinant role in the selectivity of the complexation, which for the 15c5 crown ether favors Na + and K + against the other alkali cations. 1, 4 In addition, the exposure of the cation leads to the efficient formation of the ternary 15c5-K + -15c5 complex. Whereas this complex features a somewhat weaker coordination of the cation, an appreciable distortion of the crown ethers is still observed. Moreover, the repulsive interaction between the oxygens of the two crowns is minimized by means of a relative rotation between the crown ether backbones. This finding should be taken into account in the design of molecular tweezers based on crown ethers, which should provide enough flexibility to the ether groups so as to reach the more stable rotated configuration. 8 Figure 4 . Graphical representation of the equilibrium geometry predicted by the DFT/B3LYP/6-31G* theoretical calculation for the free 15c5 crown ether (left) and for its complexes with the potassium cation, 15c5-K + (middle) and 15c5-K + -15c5 (right). See Table 1 for quantitative information about some relevant structural parameters. 
